This paper deals with chaotic oscillations occurring in a direct-acting poppet valve circuit with a long pipeline. The system is liable to be unstable and various kinds of oscillations are induced. In this study, a distributed parameter model with average friction was derived for the system. Then, several complicated oscillations were examined taking the pipeline length as a control parameter by using the method of numerical simulation. It is shown that chaotic oscillations can occur in some ranges of the control parameter in this system.
INTRODUCTION
Poppet valves are widely used in hydraulic systems as pressure regulating valves because of simplicity of the structure and high pressure-sensitivity to the valve displacement. Poppet valve circuits can be classified into two kinds [1] : the direct-acting poppet valve circuit and the pilot type poppet valve circuit. In the former, the poppet valve is directly connected to a pipeline, while in the latter the valve is connected to a pipeline through an orifice and a plenum chamber. It is well known that these circuits are liable to be unstable and produce noise. Authors have studied the local stability and some global behaviors of the poppet valve circuit with a short pipeline [1] , where the pipeline was approximately treated as a lumped parameter model. The problem of a direct-acting poppet valve circuit with a long pipeline has also studied [2] , where the pipeline was treated as a lossless distributed parameter model and the pipeline length was used as a control parameter. In order to study the problem about the circuit with a long pipeline with friction, we have numerically studied the problem by using the distributed pipeline model with average friction, where we used the supply pressure as a control parameter [3] . In this paper, we investigate various nonlinear oscillations occurring in a direct-acting poppet valve circuit by using the same model. Transitions of selfexcited oscillations are numerically examined, where we use the pipeline length as a control parameter.
GOVERNING EQUATIONS
Governing equations describing the dynamic behavior of a poppet valve circuit treated here are derived on referring to the schematic diagram in Fig. 1 . The equation of motion for the poppet supported by a spring is where X (tc-) and X (tc+)are the velocities immediately before and after the collision of the poppet against the valve seat at tc, respectively.
Since it is very difficult to solve the above partial differential equations analytically, we apply the finite volume method in this problem. We separate spatially the pipeline into n segments with sufficiently small meshsize. and then integrate Eq.(3) along the segments in order to obtain the discretized equations. Figure 1 also shows a staggered grid system used in this problem, in which flow rate nodes are shifted by half a mesh-size from pressure ones. (1), (2), (4), (5), and (6) as follows: (7) where and Equation (7) 
In where I is the unit matrix. Equation (9) is the characteristic equation of the matrix A of the order 2n+2 and it can be numerically solved by QR method. Some eigenvalues which have positive real parts correspond to the unstable local motion, and other eigenvalues which have negative real parts to the stable local motion. The critical states for various modes are the cases in which real parts of eigenvalues equal zero. Fig. 2 shows the change of frequencies which are solved from the above characteristic equation with the pipeline length L for the same steady poppet displacement X o=8.0x10-5 [m]. Solid curves denote unstable portions, and broken curves denote stable portions. The two dotted curves represent critical frequencies of stability and every mode of vibration between them is unstable. For the lossless pipeline model, above dotted curves are two horizontal lines [2] , so the present result is somewhat different from the result of the lossless pipeline model. As seen in Fig. 2 , the system becomes unstable from the pipeline length L=0.52 [m] and the first mode with the frequency f1 is self-excited. The higher modes with frequencies f2, f3, f4,...also become unstable successively with the increase of L. The frequency of every mode all decreases with the increase of L and it becomes stable successively after its frequency reaches the lower critical frequency. The number of unstable modes increases with the increase of L. However, it is found that the global behavior of the system is different from the local behavior of the system. Not all the unstable modes can develop into vibrations with finite amplitudes; only some modes selectively develop into self-excited vibrations. It is difficult to explain the difference between the local behavior and the global behavior theoretically. So we investigate the global behaviors of the system by means of the numerical simulation in this article.
GLOBAL BEHAVIOR
Calculation results of numerical simulation are shown in Fig. 2 and Fig. 3 . The changes of frequencies of selfexcited oscillations with the pipeline length are drawn in Fig. 2 . In order to present the transitions of self-excited oscillations, the following symbols are used in Fig. 2 . "Pk" (k=1, 2, 3, 4, 6) means period-k motion, i.e., 1/ksubharmonic oscillation to the fundamental frequency fk of the mode [fk]. -APO" means the almost periodic oscillation. "CO" means the irregular motion which is considered as a kind of chaotic oscillation. "DO" means the damped oscillation in the stable system. "IC" means the intermittent chaotic oscillation. Figure 3 is a bifurcation diagram on which all the local maxima of the vibratory waveforms of the poppet displacement are plotted against the pipeline length. To period-k motion, there are k local maximum points to a given pipeline length L on the bifurcation diagram. However, there are many local maximum points to the almost periodic oscillation and the chaotic oscillation.
As seen in Fig. 2 and Fig. 3 Fig. 8 . This motion is similar to an absolute value of sinusoid with a frequency A, but accompanies beats in its waveform. It can be also found that the power spectrum has side bands around frequency f and its integral multiples 2f2, 3f2,.... The phenomenon is similar to the intermittent type chaos [6] . 
CONCLUSIONS
We have numerically studied the chaotic oscillations in a direct-acting poppet valve circuit with a long pipeline. There are three kinds of chaotic oscillations:(a) period doubling chaos, (b) Lorenz type chaos,(c) intermittent chaos. Transitions of oscillations to chaos in various ranges have been discussed in detail. Chaotic oscillations appear in some parameter regions, and are caused by some nonlinearities mainly including the collision of the poppet against the valve seat. The results using the pipeline model with average friction are basically similar to the results using the lossless pipeline model [2] . However, the ranges of local stability and the transitions of oscillations corresponding to two kinds of results are somewhat different. 
